INTRODUCTION
The LysR family of transcriptional regulators was first reported by Henikoff et al in 1988 (48) , although others independently noticed an incipient family (22, 29, 104) . Since then the LysR family has grown from 9 to over members that regulate diverse genes and complex regulons in many prokaryotic genera. New members are discovered almost monthly. With the exception of the two-component systems (111) , LysR-type transcriptional regulators (LTTRs) may be the most common type of positive regulators in prokaryotes. This review summarizes the general distinguishing characteristics of the family, the structure-function organization of LTTR polypeptides, and the biochemical and molecular aspects of their mode(s) of action. I also discuss the phylogeny and distribution of LTTRs to give insight into their origins, evolution, and diversity of their distribution and action. Table 1 lists the currently known (March 1993) LysR family members; a few others (e.g. CitR, ORF2) have been detected from incomplete or unpublished DNA sequences (49,107a; S. Jin & A. Sonenshein, personal communication). Usually, a >20% amino acid sequence identity with another LTTR family member or a consensus sequence for the highly conserved amino terminus (N terminus) indicates the presence of an LTTR (48, 49; A. Bairoch, personal communication). In the N-terminal halves of the majority of LTTRs, >20% of the residues at each aligned position are identical and 53% show a similarity coefficient above a log-odds threshold of 10 (128) . Some, but not all, of this similarity derives from conservation of a helix-turn-helix DNA-binding motif. In comparison, most aligned residues in the carboxy-terminal (C-terminal) halves show only 4% identity, and 27% have a log-odds threshold > 10 (128) . SCHELL effects on interactions of several LTTRs with their target promoters are documented (see below).
GENERAL CHARACTERISTICS OF LysR FAMILY MEMBERS

DIVERSITY OF TARGET GENES
As seen in Table 1 , LTTRs regulate very diverse genes and functions. Some LTTRs (e.g. NodDs, CysB, OxyR, PhcA) control multiple, unlinked target genes (regulons), while others (MetR, IrgB, SyrM, Nac) are themselves regulated by other genes forming complex regulatory networks. For example, IrgB (42) is required for expression of the divergently transcribed irgA gene, which likely encodes the vibriobactin receptor, a virulence factor of Vibrio cholerae. Iron strongly represses transcription of irgB and irgA from start sites overlapping by 5 bp, likely because of binding of a Fur-like repressor to the overlapping sites. Another example is Nac of Klebsiella aerogenes (5) , which in concert with CAP-cAMP, transcriptionally activates hut (encoding histidase), put (encoding proline utilization), and ure (encoding urease), but represses gdh (encoding glutamate dehydrogenase) in response to nitrogen limitation (107a). Nac activation of put does not require a coinducer; rather, the NTR system and Nac itself control nac transcription by ~r 54 RNA polymerase. SpvR positively regulates three linked genes required for spleen invasion by Salmonella typhimurium and that are expressed only during stationary phase (17, 26, 118) . This involves the alternate sigma factor, KatF, which could interact with or control expression of SpvR (78) . Alternatively, SpvR may require a coinducer produced only during stationary phase. A final example is PhcA, which regulates transcription of unlinked genes encoding virulence factors of the phytopathogen P. solanacearum (12) . PhcA control appears indirect, because it appears to regulate expression of several transcriptional activators that in turn regulate the virulence genes; PhcA may also be part of a cell density-sensitive regulatory network (101) .
DISTRIBUTION, EVOLUTION, AND PHYLOGENY
LTTRs are widely distributed in diverse genera of prokaryotes ( Table 1 ). The G+C contents of genes encoding LTTRs vary between 75% (BlaA) and 28% (MleR). The majority are in the genomes of Proteobacteria (purple bacteria) of the ot and ~/ subgroups. A few have been found in the 13 subgroup, but none in the ~ subgroup. MleR, AlsR, BIaA, MprR, and GltC are in gram-positive bacteria, but none have been found in Archaebacteria or eukaryotes. However, because many prokaryotic genera have not been subjected to extensive genetic characterization, the observed distribution of LTTRs may be nonrepresentative. The large genetic distances between prokaryotes with LTTRs and vast differences in G+C content suggest that a www.annualreviews.org/aronline Annual Reviews progenitor LTTR arose early in prokaryotic evolution. The structural diversity of the different coinducers that stimulate various LTTRs to activate transcription (e.g..aromatics, various aliphatics, ions, amino acid derivatives) also suggests a long-term divergence of signal recognition by LTTRs. However the many LTTRs on self-transmissible plasmids (which probably move freely throughout the prokaryotic community) may have promoted a more recent and rapid dissemination and evolution. Schlaman et al presented a phylogenetic tree for 42 LTTRs (107) . This tree and functional similarities clearly point to two subfamilies in addition to the NodDs. The first consists of ClcR, TcbR, TfdS (TfdO), and possibly CatR and CatM. ClcR shows ~60% amino acid sequence identity with TcbR and the first 177 available residues of TfdS (24). Moreover, both ClcR and TcbR activate by 15-fold homologous divergent promoters of highly homologous genes encoding for oxidation of chlorocatechols and likely respond to the same coinducer (a metabolite of 3-chlorobenzoate). TfdS, like CIcR, plasmid-borne and is required for induction of very similar chlorocatechol degradation genes. ClcR shows 32% amino acid sequence identity with CatR or CatM, which regulate divergently transcribed genes encoding similar enzymes for oxidation of nonchlorinated catechols. CIcR and TcbR may have diverged from CatR to recognize chlorocatechols and activate genes for their degradation.
Another possible subfamily is comprised of RbcR, CfxR, and CfxO, each of which is required for expression of divergently transcribed genes encoding for CO2-fixation enzymes (e.g. Rubisco). The amino acid sequence of RbcR is 45% identical to CfxR, which is 40% identical to the 150 residues of the available sequence of CfxO (63a, 73, 128) . That these three very similar LTTRs are each from a different branch of Proteobacteria (and rbcR-like genes are absent from the cyanobacterium Anacystis nidulans) suggests that they diverged from an LTTR in an ancestral phototroph (128) . Sequence similarities and the phylogenetic tree (107) suggest other possible subfamilies: (a) NahR, SyrM, LeuO; (b) AmpR, TrpI, LysR, OccR/NocR; (c) CysB, CfxR/RbcR. However, members of these putative subfamilies do not share any obvious common patterns of function, coinducer, target genes, or origin, indicating substantial divergence. The conserved size, organization, and diversity of LTTRs suggest they are likely old but useful and efficient regulators..
DOMAIN ORGANIZATION OF LTTR POLYPEPTIDES
Insight into important structural features, functional domains, and mode of action can be derived by looking at the locations of amino acid substitutions that cause altered function of LTTRs and the extent to which the residue www.annualreviews.org/aronline Annual Reviews substituted for is conserved in all LTTRs. Although the mutational studies identifying important functional regions are limited to a few LTTRs--NahR, NodD, OxyR, CysB, AlsR, and AmpR (3, 14, 25, 54, 89a, 100, ll3)--the extensive amino acid sequence similarity between LTTRs makes extrapolation reasonable. An alignment of the amino acid sequences of 22 LTTRs was recently published (128) ; for the discussion below, residue position 1 of generic LTTR is defined as aligning with the Met translational initiator of Nod, NahR, AmpR, and TrpI (whose N termini align exactly without gaps to residue 55 in this alignment); the Met iriitiator of most other LTTRs is between positions 3 and 6.
Amino-Terminal DNA-Binding Domain
The region of greatest amino acid sequence identity between LTTRs is clearly the 66 N-terminal residues. The central portion of this highly conserved region (residues 23-42) is nearly 40% identical in all LTTRs; secondary structure predictions (40) and other methods (30) predict it contains a helix-turn-helix DNA-binding motif (HTH). The structure and functions of the 20-residue HTH have been well studied (11, 56, 83) . The HTH of LTTRs (see Figure  1 ) varies somewhat from classic HTHs, mostly in poor conservation of Gly at HTH position 9 and presence of Pro at HTH position 13 (LTTR positions 31 and 35, respectively). The highly conserved Ala at HTH position 5 (LTTR position 27) and Val/Leu/Ile at HTH position 15 (LTTR position 37) usually present. Overall the most highly conserved residues (identical in 70% of LTTRs) are Ala27, Thr(Ser)33, Gln34, Pro35, Ser(Thr)38, Leu44, Glu45. Mutagenesis experiments largely confirm the presence of an HTH between residues 23-42, which along with ~15 residues on either side mediates specific binding of LTTRs to their regulated promoters. However, as discussed later, other regions also are important for DNA binding. In a study with NahR (100), 40% of the 13 independent, single-amino acid substitutions affecting DNA-binding activity mapped between residues 26 and 56---replacing either Ala27 (universally conserved at HTH position 5) or the adjacent Thr26 destroys NahR's ability to specifically bind to and activate transcription of its targets. Substitutions for Arg43 or Arg45 in NahR (100), or Ala40 or Ser42 of NodD, a related LTTR (14, 104) , caused a 15-fold decrease in coinducer stimulated transcription activation, likely due to loss of DNA binding ability. Substitutions for Leu23 or Arg43 of NodD destroyed autoregulatory ability, which likely depends on specific DNA binding (14) . Null phenotypes caused by substitutions at Arg58 or Pro62 of NodD (14) and Thr56 of NahR (100) also probably result from loss of DNA-binding ability. Amino acid substitution for the highly conserved Pro35 of NahR rendered it unable to activate transcription (100) and changed its interactions with a target promoter (54) .
www.annualreviews.org/aronline Annual Reviews A substitution at the same position of AmpR also caused loss of in vivo function (3) . Substitution for the highly conserved Ser38 in CysB destroyed its DNA binding activity (25) . A substitution of Pro for Leu33 (LTTR position 37) inactiv.ated MetR, whereas replacing Leul9 (LTTR position 23) reduced its ability to activate transcription by sixfold (71) .
Thus the., vast majority of amino acid substitutions reported to affect DNA binding of LTTRs are clustered between residues 23 and 62, in or near the putative HTH; a few others cluster in the C terminus between 240-290 (see below). Circumstantial evidence supports the primary importance of these two regions in DNA binding (14, 100) , because mutations outside these two regions are much less likely to affect DNA binding. Maxon et al (71) suggested a region of MetR overlapping the LTTR HTH region was a leucine zipper, a motif usually involved in multimerization. However, substitutions for two of the four key Leu residues of the putative zipper had no effect on in vivo activity or the multimerization state of MetR. Most evidence is more consistent with the conclusion that the N terminus of LTTRs forms an HTH, not a leucine zipper. Do~ains involved in multimerization of LTTRs have yet to be defined.
Coinducer Recognition~Response Domains
Residues 100-150 of different LTTRs show much less similarity to one another tha.n residues 1-66; outside these regions only residues 236-246 show any significant conservation between LTTRs (Figure 1 ). Even the closely related NodDs from different species of Rhizobium show extensive C-terminal sequence divergence (1) . Exchanging the C-terminal portions of several NodDs with different coinducer specificities showed that recognition function lies between residues 122 and 270 (52, 109) , leading to the assumption that the C-terrninal halves of LTTRs are involved in coinducer recognition, an assumption supported by many subsequent experiments. Studies of mutant LTTRs with altered coinducer response, all mapping between residues 102 and 253 of NodD (14, 72) , NahR (54, 100), AmpR (3), OxyR (113), (89a), and CysB (25) , has further refined the location of coinducer recognition/response functions into subdomains. Gyorgypal et al (45) noticed that residues 109-171 and 189-216 of NodD had 45% sequence similarity with the steroid-binding domain consensus sequence of the human estrogen receptor. In vivo, NodD and the receptor likely recognize chemically similar signal ligands (i.e. flavanones); in fact, estradiol was recognized by NodD because it caused a 25-fold activation of a NodD-regulated promoter (45) . The presence of a putative [3- were not trans-dominant, leading to speculation that this region could be involved in multimerization. Deletion of the last eight residues of NahR causes a loss of function (100) and substitution at NodD position 284 caused coinducer-independent phenotype (14) , suggesting even the last residues LTTRs are important for function; however, adding 10 residues to the end of NodD3 did not affect its function (94) .
Summary
The data discussed above suggest LTTR polypeptides have conserved and similarly organized functional domains ( Figure 1 ). Secondary-structure predictions for 11 LTTRs suggest a three-or four-domain model (89) . Such compartmentalization of functional domains for LTTRs, although oversimplified, provides a working model for testing and revision. The highly conserved 65 N-terminal residues, of which the central 20 are likely a helix-turn-helix www.annualreviews.org/aronline Annual Reviews SCHELL motif, probably play an important role in recognition/binding of LTTRs (most likely as dimers) to cognate promoters via classical interactions with the nucleotide bases of the major groove (56) . The conserved C-terminal domain (residues 227-253) is also generally important for DNA interactions. It may play a role in interactions between LTTR subunits and/or protein-DNA interactions occurring during transcription activation. X-ray crystallography of an LTTR-DNA complex will help to confirm which LTTR sequences interact with DNA and how. Recognition (possibly binding) of coinducer LTTRs involves residues 95-173 (especially 149-154), which may function as a general ligand-binding pocket; ligand specificity may be conferred by less-conserved residues in or near this region. Coinducer recognition/response also involves the 196-206 region, which may also contain more specific ligand recognition functions or could be a hinge structure involved in the hypothesized conformational change of LTTRs caused by binding coinducer. Future experiments on coinducer response should focus on these two regions.
MECHANISMS OF ACTION OF INDIVIDUAL FAMILY MEMBERS
TrpI
TrpI (22) , one of the earliest and best-characterized LTTRs, is found only Pseudomonas aeruginosa, P. putida, and P. syringae, where it positively regulates the divergently transcribed trpBA genes in response to the coinducer indoleglycerol phosphate (INGP). TrpBA encodes tryptophan synthetase, which catalyzes the last step in tryptophan biosynthesis, converting INGP and serine to tryptophan and glyceraldehyde-3-phosphate (27) . Gel-retardation (gel-shift) assays (36) and DNase I footprinting (37) showed that TrpI extracts of TrpI-overproducing E. coli) specifically binds to the 54-bp trpl-trpBA intergenic region (20, 21) . Without INGP, TrpI-enriched extracts protected a sequence (site I) between -77 and -52 (relative to the trpBA transcription start site) from DNase I digestion; with 10 -3 M INGP, a larger region (-77 to -32) was protected, extending into the -51 to -32 region (site II). With the cleavage reagent hydroxylradical (122) , which had greater penetration, TrpI appeared to protect 3-bp regions around -76, -66, and -55; with ING~P, additional 3-bp regions near -45 and -34 were also protected, again suggesting INGP caused a conformational change the TrpI-DNA complex (21) . The 10-bp spacing of protections implies TrpI binds on one helical face of the DNA.
In gel-shift DNA binding assays with purified TrpI and the trpl-trpBA promoter region, two retarded species (i.e. two different protein-DNA complexes) appeared (20) . The faster-migrating species (complex 1) www.annualreviews.org/aronline Annual Reviews proposed to contain one TrpI (tetramer?) bound to the fragment, and the slower species (complex 2) was proposed to have multiple bound Trpls (20, 21 In vitro transcription analysis showed that high levels of purified TrpI alone stimulate:s Pseudomonas RNA polymerase to form open complexes and activate transcription at the trpBA promoter and that INGP greatly stimulated this actiwation (39) . Simultaneous mutation of two site II nucleotides did not affect TrpI binding to site I or II, but did reduce activation threefold, indicating that bindiing to sites I and II alone is not sufficient to activate transcription (39) . An 8-bp alteration in site II caused nearly complete loss of TrpI+INGP-induced transcription activation; although it did not affect the TrpI footprinting at site I, it abolished INGP-induced interaction with site II (38) , correlating protection of site II with transcription activation. These studies showed that by binding at site I TrpI represses its own transcription 10-fold and that RNA polymerase cannot form open complexes simultaneously at the overlapping trpl-trpAB promoters.
In summary, TrpI usually occupies site I, apparently via specific binding to an interrupted dyad at its core (-74 to -59: GTgAG-Ns-CTgAC), even in the absence of INGP, and as a result causes autoregulation. INGP stimulates cooperative binding of a second TrpI to the first via protein-protein interactions, after which it contacts nucleotides in site II near -35 and somehow increases open complex formation and hence transcription initiation. Altematively, INGP may alter the conformation of the TrpI-DNA complex (possibly via bending) to increase transcription initiation.
IlvY
Another LTTR regulating amino acid biosynthetic genes is IlvY, which controls the divergently transcribed ilvC gene encoding acetohydroxy acid www.annualreviews.org/aronline Annual Reviews isomeroreductase, responsible for the second step in the common pathway for biosynthesis of isoleucine, valine, and leucine in E. coli (132) . Expression of ilvC is regulated in vivo by its substrates, acetolactate and acetohydroxybutyrate (ACHB). Using transcriptional fusions of the ilvC and ilvY promoters to galK, Wek & Hatfield (133) showed that IlvY caused a 15-fold increase in ilvC transcription in response to ACHB and a twofold negative autoregulation of ilvY transcription independent of ACHB. Using IlvY-enriched cell extracts (-20% IlvY) and gel-shift DNA binding assays, they showed that IlvY specifically bound to the ilvY-ilvC intergenic region with 'a Kapp of 1 nM; ACHB increased affinity threefold (133) .
DNase I footprinting showed IlvY protected two sites upstream of the ilvC transcription start: O1 (-76 to -51) and 02 (-44 to -18); ACHB did dramatically affect protection. Addition of RNA polymerase to the footprinting reactions showed that it protected the -18 to +24 region of the ilvC promoter only when both IlvY and ACHB were present (132) . DNase footprinting and in vitro transcription experiments with purified Ilv¥ protein (W. Hatfield, personal communication) showed that the amount of ACHB required to stimulate ilvC transcription in vitro is the same as that required to give a strong IlvY-dependent DNase I hypersensitivity at --37. Dimethylsulfate footprinting analysis showed IlvY strongly protected four guanines of O1 (-70, -69, -61, and -60) from methylation and weakly protected three others (-38, -30, -29) in 02; ACHB did not affect protection. The IlvY-protected guanines (positions underlined) are contained in two interrupted dyads in O1 (-72 to -58: TTGCAAaaaTTGCAA) and 02 (-43 -25: TATatCaatttccGcaATA (here and below, upper case = dyadic positions; lower case ----nondy~-~c).
Gel-shift DNA binding assays (133) showed the Kapp of IlvY for O1 was reduced 14-fold by deletion of 02, while the affinity of IlvY for 02 was reduced over 200-fold by deletion of O1, strongly suggesting cooperative . binding between IlvYs at O1 and 02. Although ACHB did not affect this cooperative binding, it did enhance formation of a slower-migrating IIvY-O1 complex, possibly through binding of additional IIvYs to the one already bound at O1 or through an ACHB-induced conformational change in the complex. DNase I footprinting supported the latter hypothesis. Thus, irrespective of coinducer, IlvY binds simultaneously and cooperatively on one helical face to different dyadic sequences in O1 and 02, likely resulting in ilvY autoregulation, because O1 includes its start site. How ACHB stimulates transcription of ilvC is unclear. That ACHB altered DNase I sensitivity of nucleotides in the complex near the RNA polymerase-binding site indicates that it probably causes a conformational change in the IlvY-DNA complex.
www.annualreviews.org/aronline Annual Reviews OccR OccR (46) controls genes for metabolism of octopine, which is used Agrobacterium tumefaciens for g~owth in crown gall tumors (110) . Genes for conjugal transfer of the Ti plasmid (60) and possibly others (130) may be under OccR control. Catabolism of octopine (a rare pyruvate-arginine condensate synthesized in T-DNA-transformed plant cells) as carbon and nitrogen source is mediated by the occ operon of plasmid pTIA6, composed of occQMPJ (encoding octopine permease), ooxAB (encoding octopine oxidase), and ocd (encoding ornithine cyclodeaminase) (59, 110) . Induction of occ transcription by octopine requires OccR (110) , an LTTR divergently transcribed from a site 46 bp upstream of the occ transcription-start site (46) . Experiments with occR::lacZ fusions and plasmid-borne occR showed a 10-fold negative autoregulation; analysis of occR mRNA in wild-type and occR mutants showed less autoregulation (46) . Plasmid pTiC58 of tumefaciens has (in addition to OccR) another LTTR, NocR, which is 35% identical :in amino acid sequence to OccR; it independently regulates transcription of nopaline catabolic genes in response to nopaline but has not been further characterized (129) .
In vitro transcription experiments with E. coli RNA polymerase and purified OccR showed that transcription from the occQ promoter required OccR and octopine as coinducer and that OccR strongly repressed its own transcription (130) . Gel-retardation assays showed specific binding of OccR to the occR-occQ divergent promoter with a Kapp of 1 nM. Opposite to IlvY, coinducer decreased the OccR Kapp twofold. Octopine caused a decrease in the mobility of the OccR-DNA complex; position-dependent mobility analysis (58) suggested this decrease resulted from a ° OccR-induced be nd located near -50 of the occ promoter DNA (130) . Octopine relaxed bending by °, presumably shifting the complex toward a conformation that promotes productive interactions with RNA polymerase. DNase I footprinting with purified OccR showed an ~55-bp protection zone (-80 to -28 relative to the occQ transcription-start site) with hypersensitivities appearing near -70, -40, and -52; octopine caused a slight decrease in footprint length and hypersensitivities. Upstream of the putative bend is an interrupted dyad (-71 to -57: ATAA-NT-TTAT) with a LysR motif (41), making it a likely site interaction with OccR and its autoregulation.
OxyR
OxyR controls a regulon that mediates the oxidative-stress response by E. coli or S. typhimurium (112, 113) . All aerobic organisms must defend against toxic oxidants resulting from incomplete reduction of oxygen. Exposure of www.annualreviews.org/aronline Annual Reviews E. coli to 0.05 mM H202 induces production of 30 proteins that protect it from exposure to 200-fold higher levels of H202 (112) . Several of these H2Oz-induced proteins and their genes have been characterized [e.g. KatG (catalase), AhpCF (alkyl peroxide reductase), and GorA (glutathione reductase)] and shown to be positively regulated by OxyR (112, 120) . Independently Bolker & Kahmann (8) discovered that momR, which negatively regulates the Mu phage mom gene encoding a modification enzyme for protection of Mu DNA from restriction, is the same gene as oxyR (8) . MomR binds to sequences of mom between -92 and -50 to repress its expression only if the three GATC dam sites there are not methylated (8) . In addition, the mor gene, controlling switching between different colony morphologies, aggregation behaviors, and piliation states of E. coli (131) , also appears to be the same as oxyR.
OxyR is unlinked to any of its target genes and thus lacks the characteristic divergent promoter. However, recent evidence (G. Storz, unpublished data) suggests an untranslated RNA transcribed divergently from oxyR may be involved in regulation. Nonetheless OxyR, negatively autoregulates fivefold by binding to the -27 to +21 region of its own promoter (23) . Unlike other LTTRs, OxyR may activate transcription after it has been directly oxidized rather than in response to binding of a specific coinducer. This hypothesis is based on in vitro transcription assays that showed that while purified OxyR specifically activated transcription of katG or ahpC 100-fold, addition of 100 mM dithiothreitol (DTT, a reductant) specifically eliminated the OxyR-dependent transcription activation; removal of DTT reversed the effect (113) . Thus, the oxidation state of OxyR affects its ability to activate transcription. The mechanism and/or oxidant controlling OxyR activity in vivo is unknown; direct, reversible binding of an oxidant-like signal ligand is still possible. Examination of the role of OxyR's five cysteines in its oxidation showed that only Cys199 is required for activity (113) .
Deletion of ahpC promoter sequences upstream of -46 (but not upstream of -68) climinated the fivefold OxyR-dependent activation observed in vivo (120) . Extracts of OxyR-overproducing cells protected the ahp or katG promoters between approximately -79 to -33 from DNase I (120). The oxidation state of the OxyR (and hence activity) used was unknown. Subsequent DNase I footprinting with purified OxyR under oxidized (active) or reduced (inactive) conditions (113) showed that both forms still bound the -79 to -33 regions, but the katG footprint was slightly longer with active OxyR, while the oxyR footprint was shorter. A DNase I hypersensitivity near -55 caused by inactive OxyR was drastically reduced when the active form was used; this was taken as evidence of a conformational change in the preformed OxyR-DNA complex caused by oxidation of OxyR into a transcriptionally active form (113) .
www.annualreviews.org/aronline Annual Reviews Gel-retardation binding assays showed that oxidized or reduced OxyR has the same high affinity and specificity for its target sites upstream of katG, ahpC, and oxyR, implying that binding is not highly regulated by oxidation state (119) . These sites show little conservation of sequence or features (e.g dyads, repeats). Methylation interference analysis (which detects guanines required tbr protein-DNA binding) of katG and oxyR showed that OxyR interacts with nucleotides throughout the DNase 1-protected regions, most strongly with guanines in the -68 to -54 region, and less so with adenines around -40 (119) . A weak, 40-bp degenerate dyadic consensus sequence was proposed for the OxyR binding site (119) . The binding sites and mechanism of action of OxyR appear somewhat different from those of other LTTRs, perhaps so OxyR can recognize many different promoters in response to oxidative stress.
CatR and CatM
CatR of Pseudomonas putida regulates catBC, encoding cis,cis-muconate lactonizing enzyme and muconolactone isomerase, respectively, which are part of a pathway for use of benzoate as a carbon and energy source (92) . Induction of expression of catBC in vivo by 20-fold requires cis-cis-muconate (CCM) and catR, which is divergently transcribed from a site 48 bp upstream of the catBC transcription start (92) . Indirect qualitative evidence of autoregulation of catR has been reported (92) . Gel retardation assays showed that purified CatR bound to the catR-catBC promoter region irrespective of the presence of the coinducer CCM. Hydroxylradical footprinting (122) showed that CatR protected three regions on one helical face between -78 and -54 (relative to the catBC transcription start site) and caused hypersensitivity of two sites near -50 and -80; CCM did not appear to affect the footprint (93) . However, recent experiments (84) showed that CCM caused CatR to protect new addil~.ional sequences of the catBC promoter [activation binding site (ABS): -48 to -22] from DNase I; without CCM only sequences between -79 and -53 [repression binding site (RBS)] were protected. Methylation interference assays implicated guanines at. -69, -68, -63, -62, and -61 in CatR binding. These residues (positions underlined) are symmetrically located in an interrupted dyad (-73 to -56: CAgAC__~_C-N4-gGGTaTG). The hypersensitivity near -50 was again observed irrespective of CCM. Gel retardation assays showed CCM increased formation of a slower-moving CatR-DNA complex; methylation of a guanine at -41 in ABS blocked formation of this complex (84) , suggesting this guanine is important for CCM-induced interaction of CatR with the ABS. Deletion of the RBS eliminated binding of CatR; deletion of the ABS lowered binding only twofold. From these observations came the proposal that CatR binds as a dimer to the RBS independent of the ABS and that binding of a second CatR www.annualreviews.org/aronline Annual Reviews SCHELL dimer to the ABS occurs through CCM-induced cooperative interactions between CatR molecules that cause increased RNA polymerase binding (84) . Studies of AmpR (3, 66; E. Bartowsky, personal communication) suggest this protein uses a similar two-site mechanism, where coinducer also causes interactions with a downstream site near -45 that are required for transcription activation.
CatM of Acinetobacter calcoaceticus, similar to CatR, is divergently transcribed from the catBC genes encoding enzymes for catabolism of ring-cleavage products from benzoate (77) . CatBC of A. calcoaceticus and P. putida are isofunctional, highly homologous, and induced by CCM. However unlike most other LTTRs, CatM appears to predominantly act as a negative regulator of catBC and catA (77). This conclusion is based on two observations: (a) in catM deletion st rain catA is constitutively exp ressed, and (b) in a strain with a mutant CatM caused by an amino acid substitution at residue 156, catBC is constitutively expressed (77) . However, similarly located substitutions in LTTRs that are activators can also give a constitutive phenotype (54, 72) . CatM shows 34% amino acid sequence identity to CatR, but as the shortest LTTR (250 residues), CatM lacks C-terminal domains possibly involved in transcription activation. In E. coli, CatM did not repress a catBCDEF::lacZ fusion but did threefold negatively autoregulate a catM::lacZ fusion; gel retardation assays showed CatM binds to an 85-bp fragment of the catM-catBC divergent promoter region, irrespective of CCM (90) . In vivo methylation protection assays in E. coli showed, like LTTRs that are activators, CatM protected symmetrical guanines at -69 and -61 upstream of the catBC transcription start site in an interrupted dyad (-72 to -58: ATAC-NT-GTAT). CatM also protected a guanine at -9, but not as strongly in the presence of CCM (90) . Although CatM binding to the -72 -58 sequence may be for autoregulation, and the apparent CCM-sensitive binding at -9 may act in repression of catBC, further studies of this atypical mechanism and more proof that CatM functions only as a repressor are necessary.
NahR
The nahR gene is on the NAH7 plasmid of P. putida (135) . Insertional inactivation of nahR causes loss of expression of two plasmid-borne operons, nah and sal, which encode the 14 enzymes for metabolism of naphthalene or salicylate as a carbon source (99, 135, 136) . High-level transcription of nah and sal is induced by salicylate and requires nahR, which is divergently transcribed from a site 60 bp upstream of the sal operon transcription start site; the nah promoter is 17 kb upstream (97, 98) . Gel-retardation DNA-binding assays showed that NahR specifically bound to the nahR-sal divergent promoter region, irrespective of coinducer (103). This binding is likely the www.annualreviews.org/aronline Annual Reviews cause of the threefold negative autoregulation of nahR (102) . Deletion of the sal or nab promoter sequences upstream of -45 (but not upstream of -83) caused loss of nahR+salicylate-induced transcriptional activation (102, 105) . DNase I footprinting with partially purified NahR showed that it protected 70% identical sequences between -82 and -47 of the nab or sal promoters; coinducer did not affect footprint (103). Mutational analysis of this conserved region of sal showed that nucleotides at positions -74, -73, and -61 were critical for transcription activation, while those at -69, -67, -64, and -59 were not (103).
Most studies of LTTR-DNA interactions have used purified proteins of uncertain specific activity with nonsupercoiled DNA in vitro. Absence of supercoiling and other in vivo conditions may alter results. Thus in vivo dimethylsulfate methylation protection (96) studies with NahR provide unique per:spective (54) . In vivo, NahR strongly protected two guanines -71 and --62 of the nab and sal promoters; both were on the same helical face and were part of an interrupted dyad (positions underlined) within the conserved NahR-binding sites (-73 to -60: tTCA-N6-TGAt). Coinducer caused NahR to additionally protect new guanines (-58, -45, and -35 at nah; -42 land -40 at sal) and also caused hypersensitivity at -52 of nah. In vivo footprinting with NahR mutants having altered coinducer response showed that salicylate-induced DNA contacts and hypersensitivity were always present when NahR was activating transcription (54) . Two mutants (Gly203--~Asp; Pro35--~Ser) made these contacts but did not activate transcription, indicating that contacts are required but not sufficient for increased transcription. Thus NahR, like CatR and Trpl, always binds to a dyadic sequence around -65, but when coinducer is present, further interactions with promoter DNA near the -35 region occur that somehow stimulate RNA polymerase to increase transcription initiation.
MetR
The disperse genes encoding methionine biosynthesis in E. coli and S. typhimurium are regulated by interacting regulatory gene products. MetJ, along with its corepressor S-adenosyl methionine, negatively regulates all the genes (except metH). MetR positively regulates metE and metH, encoding enzymes for ~he transmethylation of homocysteine (HC) to give methionine (95) . In vivo and in vitro metE transcription is induced more than fivefold by HC but only with MetR (70, 124) . MetR also positively regulates by threefold transcription of metA (69) and glyA (87) , encoding two pathway enzymes: homoserine succinyl transferase and serine hydroxymethyl transferase.
MetR is divergently transcribed from a site 27 bp upstream of the metE transcription start site (87) . MetR negatively autoregulates fivefold, but unlike www.annualreviews.org/aronline Annual Reviews SCHELL most other LTTRs, this requires a corepressor, HC. In vivo and in vitro the MetJ repressor also negatively regulates metR 50-fold (70, 126) , likely binding to the metR-metE intergenic region. Gel-retardation assays with MetR-enriched extracts demonstrated specific binding of MetR to the intergenic region that was unaffected by HC; two retarded species were observed (125) . DNase I footprinting showed that MetR protected the 24-bp region between -72 and -48 upstream of the metE transcription start and caused hypersensitivity at -56; 6-bp deletions here caused a 40-fold decrease in MetR-activation of metE transcription (125) . Further footprinting with purified MetR revealed a dyadic consensus sequence (-62 to -50: TGAA-Ns-TTCA) centered near -58 in the DNase I protected regions of metA (69) , metE (125) , and rnetH (16) .
Substitution mutations at -62, -61, -51, or -50 in the conserved dyad arms of the consensus sequence at metH (16) caused > 80% reduction in MetR binding and transcription activation. Mutations at -56 reduced activation fourfold without affecting binding, suggesting position -56 is exclusively involved in transcription activation. Mutations at -59 or -53 had no effect. The mechanism for MetR+HC-mediated transcription activation may be similar to that of NahR, Trpl, or CatR because the size, structure, and position of their binding sites are similar. However, the effect of HC on MetR interactions with individual nucleotides is unknown, and further comparative studies are needed.
CysB
Biosynthesis of cysteine requires more than 16 genes, some in operons dispersed around the chromosome of E. coli and S. typhimurium: cysJIH encoding for NADPH-sulfite reductase and 3'-phosphoadenosine 5'-phosphosulfate sulfotransferase, cysPTWA encoding a periplasmic sulfate/thiosulfate transport system, and cysK encoding O-acetylserine (thiol)-lyaseA. All these are in the cys regulon under the positive control of the LTTR CysB (79) . CysB, like OxyR, is not linked to any of its many target genes and thus lacks the typical divergent promoter of LTTRs. Nonetheless, in vitro transcription assays showed that purified CysB negatively autoregulates itself by fourfold, but only in the absence of its coinducers N-acetylserine (NAS) or O-acetylserine (82); gel-shift assays and DNase I footprinting showed that NAS reduced by more than fourfold the binding of CysB to the -10 to +36 region of its own promoter (82) .
In vitro transcription assays showed that CysB greatly stimulated transcription from the cysJ1H (80, 81) , cysK (75) , and cysP (53) promoters, but only with NAS. Thiosulfate (and less so sulfide) blocked this NAS+CysB-mediated activation; thus these compounds are probably antiinducers of the cys regulon, and possibly inhibit binding of NAS to CysB (81) . DNase www.annualreviews.org/aronline Annual Reviews footprinting identified CysB binding sites at several promoters, but the sites differed in number, sequence, arrangement, and reactivity (53, 75) . The cysJIH, cysK, and cysP promoters have one CysB-protected site between -76 and -35, --78 to -39, and -85 to -41, respectively. At cysK (and likely the others), this site is required for in vivo function (75) . Both the cysP and cysK promoters have one additional CysB binding site (-19 to +25 and -115 to -79, respectively). Deletion of this extra site at cysK did not affect expression, implying the extra site sequesters CysB for action at the downstrearn site (75) . NAS inhibits binding of CysB to this extra site but stimulates binding to the cysP site near +25. CysB-protected sequences are weakly dyadic but do not show a strong consensus, implying that CysB may have degenerate recognition sequences like OxyR. As with OccR, binding of CysB to the cysK promoter may induce DNA bending that is relaxed when coinducer is present (75) . Many details of CysB-mediated regulation remain unclear, but the system appears more complex than many other LTTR systems.
NodD and SyrM
Some rhizobia establish a species-specific symbiotic relationship with plants, in which differentiated bacteria in root nodules reduce N2 into NH 3. Different flavonoids :in root exudates of the appropriate host plant are recognized by members of the NodD subfamily of LTTRs (reviewed in 44, 67, 107) . NodDs activate by 30-fold transcription of nod operons, whose products initiate and control establishment of the symbiosis (67) . Some rhizobia have one or two NodDs, whereas others like Rhizobiurn meliloti have three. Although the R. meliloti NodDs are >80% identical in amino acid sequence, they are functionally distinct and interact in a complex fashion (76) .
R. melilo.ti has another LTTR, SyrM, that controls nod genes and genes encoding for exopolysaccharide synthesis (2) . Transcription of syrM is activated by nodD3 and vice versa, resulting in a self-amplifying regulatory circuit (117) , which may also involve NolR, a repressor of nodD expression (61, 62) . Like other LTTRs, some NodDs are divergently transcribed from regulated nod genes and negatively autoregulate (15) , whereas others are not (76) or are positively autoregulated (107, 108) . Most NodDs activate transcription in response to different flavonoids, while NodD3 apparently activates without a coinducer (76) .
Gel-retardation assays (32, 50) show that NodDs bind to a 47-bp sequence (-75 to -28: nod boxes) that is highly conserved in promoters of nod genes of many rhizobia (91) . DNase I footprinting of gel-purified protein-DNA complexes :showed that partially purified NodD1 or NodD3 of R. meliloti identically protected the nod box at nodABC, nodFE, and nodH, except that NodD3 alone caused a strong hypersensitivity near -47 (33) . Protection patterns were not altered by coinducer or use of the more-penetrating nuclease www.annualreviews.org/aronline Annual Reviews SCHELL -75 -55
Recognition Activation
Site Site -72 -58 C~G_AnnnnnnnTC~G GACTnnnnnnnAG_~C Figure 2 Typical structure of a divergent promoter regulated by an LTTR. + 1, transcription start site; -35 and -10 consensus sequences are boxed. An asterisk marks the location of the common LTTR-induced hypersensitivity (i.e. possible bending site). A hypothetical recognition-site sequence is shown below to illustrate the interrupted dyadic sequence and T-N~l-A-motif (outlined letters); guanines expected to be directly involved in binding are underlined.
Cu-phenanthroline. Recent methylation-interference studies (34) suggested that specific guanines in two regions of the nod boxes of nodA, nodH, and nodF (-75 to -58 and -45 to -27) interacted with the inducer-independent NodD3. Position-dependent mobility-shift analysis (58) implied that NodD3 bends the nod box DNA between two sites near the -47 hypersensitivity (34). In the upstream site the guanines critical for binding (positions underlined) are located in or near a highly conserved interrupted dyad (-75 to -59: CATCc-NT-aGATG), where substitutions at positions 3 and 15 (41) or deletion of the GATG (34) destroyed function. Nucleotides 3 and 15 purportedly define a motif common to the binding site of many LTTRs (41) . The downstream site has a different interrupted dyad (-40 to -28: GATT-Ns-AATC) but on the same helical face; insertion of 2 or 10 bp into the GATT destroys binding and activation by NodD3, whereas a 4-bp (but not 10-bp) insertion at -58 caused loss of activation and binding (34) . Ethylation interference patterns and other data suggested that NodD3 binds to these two different dyadic sites in a similar manner and that they can be separated by one integral helical turn without affecting transcription activation (34) .
Summary and Model
The highly conserved features of LTTR polypeptides and the limited data on pro .rooter interactions presented above suggest ma.ny LTTRs may function in very similar ways. For example, most characterized LTTRs bind to their www.annualreviews.org/aronline Annual Reviews regulated promoters at an ~15-bp, partially dyadic sequence centered near -65 (recognition site; Figure 2 ), which has the conserved T-N~I-A motif proven critical for binding of NodD, NahR, and MetR (41) . Binding often involves symmetrical guanines in the two dyad arms (on different strands, i.e. in adjacent major grooves), as expected for a dimeric DNA binding protein using a helix-turn-helix motif (56) . The T-N~I-A motif may be a general anchor or guide for LTTR binding, while adjacent nucleotides of the dyad (varying in position and sequence) confer recognition specificity. These recognition sites usually overlap the LTTR's promoter ( Figure 2 ) and binding here (which is usually insensitive to coinducer) is likely responsible for autoregulation. The conservation of the structure and position of the site indicates it may have coevolved with each LTTR. Unpublished analyses suggest m~my other LTTR systems (e.g. AmpR, Nac, GItC) have similarly organized '.and located binding sites (K. Goethals; E. Bartowsky; T. Goss; A. Sonenshein, personal communications). All LTI'Rs also interact with a dissimilar sequence (site) downstream the same side of the DNA helix (activation site; Figure 2 ). For many LTTRs, interaction with this site (near the -35 RNA polymerase binding site) often requires coinducer and is a prerequisite for transcription activation. The recognition site, however, is often the primary (or only) determinant promoter binding, while coinducer-dependent cooperative protein-protein interactions seem to be required for occupancy of the activation site. In vitro studies sh~,wed that some LTTRs (e.g. OccR, IlvY, OxyR) apparently occupy both sites even without coinducer. However, the activation state of these LTTRs was not totally certain, and if coinducer stimulates cooperative binding between LTTR molecules, the in vitro conditions may artificially force complete occupancy. Alternatively, this difference may define two mechanistic classes of LTTRs. Nonetheless, in the presence of coinducer the interactions of all LTTRs with target promoters are very similar. In most cases, coinducer appears to alter the structure of the LTTR-DNA complex, as evidenced by changes in cleavage sensitivity of nucleotides in or near the activation site (e.g. the usually observed hypersensitivity near -50) complex mobility. These LTTR+coinducer-mediated changes may signify DNA bending or new LTTR-DNA interactions that increase the affinity for RNA poly~rnerase, causing increased transcription initiation (9) . Literature Cited
